The formation of hybrids among closely related species has been observed in numerous plant taxa. Selection by pollinators on floral traits can act as an early reproductive isolating barrier and may be especially important when there is overlap in distribution and flowering time. In this study, we use Quantitative Trait Locus (QTL) mapping based on 293 codominant SNP markers in an F 2 population (n = 328) to assess the size, magnitude, and location of the genetic regions controlling floral traits known to be important for pollinator attraction in 2 species of Lousiana Irises, Iris fulva and Iris hexagona. We also evaluate correlations among F 2 traits and identify transgression in the hybrid population. Overall, we observe that differences in most floral traits between I. fulva and I. hexagona are controlled by multiple QTLs and are distributed across several linkage groups. We also find evidence of transgression at several QTL, suggesting that hybridization can contribute to generating phenotypic variation, which may be adaptive in rapidly changing environments.
The formation of hybrids among closely related species has been observed in numerous taxa and is thought to be especially common in plants (Mallet 2005; Whitney et al. 2010) . A number of studies investigating the evolutionary consequences of hybridization, including the potential for novel trait formation (Howarth and Baum 2005) , the transfer of adaptive alleles (e.g., adaptive introgression; Anderson 1949; Parsons et al. 2011) , and the formation of novel hybrid species (Donovan et al. 2010) have demonstrated the importance of hybridization as an evolutionary force. Both the synergistic effects of the pre-and postzygotic isolating barriers and the underlying genomic architecture of the species involved are important for determining the outcomes of hybridization (Fishman et al. 2002; Hodges et al. 2002) . Identifying the relationship between the unique combinations of traits that result from hybridization and their underlying genetic architecture can provide a more comprehensive picture of how phenotypic traits evolve. In this study, we report on the results of a QTL mapping study designed to examine the genetic basis of floral traits important for prezygotic isolation in 2 naturally interfertile Louisiana Irises.
Reproductive isolation is often achieved through divergence in floral traits, which has been implicated as an avenue to speciation (Kay and Sargent 2009) . In nascent plant species, where postzygotic isolating barriers are often incomplete, prezygotic isolating barriers are thought to play an important role in the maintenance of species boundaries (Widmer et al. 2009 ). For example, selection by pollinators on suites of traits, or pollination syndromes, has been linked to adaptive radiations in numerous genera (Hodges 1997; Stuurman et al. 2004; Kay and Sargent 2009; Puzey et al. 2012) . The genetic dissection of floral traits using hybrid populations can identify which traits influence speciation. This first requires evaluating which traits are attractive to pollinators through observational studies, followed by measuring a range of phenotypes and associating them with a sufficiently large number of genetic markers. A QTL mapping approach can determine the number, location, and magnitude of genomic regions associated with phenotypic traits principal to pollinators.
In this study, we used a QTL mapping approach to examine quantitative trait variation in 2 closely related Louisiana Irises, Iris hexagona (Walter) and Iris fulva (Ker-Gawler). These 2 species are broadly sympatric, and interspecific hybrids have been observed across coastal Louisiana. It is easy to distinguish between the 2 species due to their dramatically different floral and vegetative phenotypes. Iris hexagona is tall (~2 m) and characterized by large purple flowers with distinctive yellow nectar guides, which are attractive to their primary pollinator, bumble bees (Viosca 1935; Emms and Arnold 2000) . Iris fulva is relatively short (~1 m) with deep crimson colored flowers that lack nectar guides but produce larger volumes of nectar, as is typical of plants pollinated by hummingbirds (Viosca 1935; Wesselingh and Arnold 2000) . These species are found in different habitats; I. hexagona in open, wet habitats and I. fulva in intermittently flooded, forested wetlands. However, both natural-and human-mediated disturbances are thought to have caused changes in the landscape that have facilitated hybridization between the 2 species (Riley 1938; Arnold et al. 1990) . Iris hexagona and I. fulva have overlapping flowering phenologies with peak flowering occurring from March to April (Arnold 1993) , which also increases the likelihood of gene flow in areas of geographic overlap.
Despite this large overlap in flowering phenologies, experimental arrays have shown a deficiency in F 1 hybrid production when these species are in close proximity (Arnold 1993) , suggesting that later-acting isolating barriers prevent hybridization between these taxa. Pollinator isolation also likely acts to reduce hybridization between these taxa because the species are visited by different pollinator groups. Iris fulva is primarily visited by hummingbirds, whereas I. hexagona is primarily visited by bees (Emms and Arnold 2000) . Both longrange cues (e.g., color) and short-range cues (e.g., nectar) and also structural floral traits (e.g., anther extension) influenced pollinator visitation and success (Emms and Arnold 2000) , suggesting that floral traits are an important component of prezygotic isolation in this system. Here, we use a QTL mapping approach to investigate the genetic basis of floral traits that are divergent in I. fulva and I. hexagona to examine the size, magnitude, and direction of QTL. Though we have previously defined the genetic architecture of reproductive and ecological adaptations for I. fulva (Bouck et al. 2007 ), this represents the first such analysis for I. hexagona.
Materials and Methods

F 2 Mapping Population
Individuals of I. hexagona and I. fulva were collected from wild allopatric populations in 1989 and have been maintained through clonal propagation (Supplementary Material online). In 1990, a cross between a single I. hexagona (IhA16; seed parent) and a single I. fulva (If194; pollen parent) was made. A single F 1 plant was selfed to produce a population of 444 F 2 hybrid individuals with a range of floral phenotypes, which have been maintained under standard greenhouse conditions at the University of Georgia (Table 1) .
Measurement of Phenotypic Traits
Floral and vegetative traits were measured for the parents, F 1 s and F 2 s, to capture the range of phenotypic variation found in I. fulva, I. hexagona, and early generation hybrids. Phenotypic measurements (n = 328) were collected in 2009. The date of each flower opening was recorded along with the length of the tallest leaf. Floral measurements were collected on the day of anthesis of the second flower and included: flower height from the base of the rhizome, sepal blade length, sepal blade width, sepal stalk length, anther extension, and the area of the floral guide (i.e., roughly triangular area calculated using the formula 1/2 length × width) (Bouck et al. 2007 ). All trait values were averaged for each individual (range = 1 to 15 flowers per plant; median = 3), and Pearson's correlations and pairwise comparisons were calculated in JMP 9.0 Pro (SAS Institue, Cary, NC) for each class (e.g., I. fulva, I. hexagona, F 1 , and F 2 ) and trait combination, respectively. The second flower from each plant was placed in a light box with a standardized white background and photographed (Nikon Coolpix 5000, macro setting, point auto focus, no flash). The camera was anchored 4″ above the light box. A Gretag McBeth Color checker chart (X-Rite, Inc.) was also photographed under the same conditions, and the Adobe Photoshop inCamera 4.0.1 filter plug was used to generate an ICC profile for each image to control for shadows or other artifacts associated with the 3D dimensionality of the flowers. Color values (3 per plant) were analyzed in Adobe Photoshop by selecting a circular area of 120 × 120 (14 400 total) pixels on the distal tip of each petal. Average L*a*b* values and a composite score were calculated for each plant. L*a*b* values were used because they are device independent and cover a larger color spectrum than RGB or CMYK values (Yam and Papadakis 2004) . The L* value represents a lightness score, the a* component measures from green to red, and the b* component covers the blue to yellow spectrum (Yam and Papadakis 2004; Lehnert et al. 2011 ).
Transgressive Traits
Transgressive traits were calculated following the study by Rieseberg et al. (2003) . In brief, transgressive traits were defined as traits in which the range of the F 2 values exceeds or falls below the parental values by at least 2 SDs (Table 1) .
Codominant Genetic Map Construction QTL mapping
Marker design and genotyping and linkage map construction are described in detail in the study by Ballerini et al. (2012) . Briefly, 293 codominant SNP markers were genotyped using the GoldenGate Genotyping Assay for the VeraCode platform (Illumina, Inc., San Diego, CA), and a linkage map composed of 22 linkage groups (LGs) was assembled using MapMaker 3.0 (Ballerini et al., in review) . Genome wide scans for quantitative trait loci (QTL) were performed using composite interval mapping (CIM) following the method of Zeng (1993 Zeng ( , 1994 using QTL Cartographer (WinQTLcart 2.5), and map figures were produced using MapChart (2.2, Vorrips 2002). Each trait was analyzed separately using a forward and backward stepwise regression using 1000 permutations with a significance level of 0.05 to determine the threshold cutoff for each QTL.
To determine whether pairs of established QTL better explain the data in combination than individually, we performed a 2-way scan for epistasis. This scan was carried out using the scantwo function in Rqtl (Broman et al. 2003) . Three odds ratios were calculated: 1) a full model that takes in account the additive effect at each of the 2 loci and the effect of their interaction, 2) a 2 locus additive-only model that only takes into account each locus' independent additivity, and 3) an interaction likelihood that is the difference between the 2 locus full model (including the interaction) and the 2 locus strictly additive model (with no interaction effects). The full and additive model LOD scores were derived from a comparison to a null (no QTL at either locus nor an interaction.) Significances of interactions among marker pairs were assessed with interaction variances from a 2-way ANOVA on the raw marker data.
Results
Phenotypic Effects of Hybridization
The I. fulva and I. hexagona parents differed for all traits measured in this study with the exception of flowering time, which is consistent with observations of the 2 species in nature (Table 1) . The F 1 , used as both a pollen and a seed parent, was intermediate for all of the traits included in this study (Table 1) . For each trait, the difference in the species mean (DSM) and the environmental standard deviation (ESD) were calculated (Fishman et al. 2002 ; Table 1 ). These values were used to estimate the degree to which I. fulva and I. hexagona differ while controlling for environmental noise (i.e., DSM/ESD) (Fishman et al. 2002 , Bouck et al. 2007 . Trait values in I. hexagona were generally larger than those in I. fulva with the exception of anther extension, which was more exerted in I. fulva to facilitate the distribution of pollen by hummingbirds (Emms and Arnold 2000) . The b* component of color differed the most; I. hexagona was more blue and I. fulva was closer to the yellow end of the spectrum. In the F 2 population, traits spanned the range of phenotypes of the parents, with 7 traits exhibiting transgression (Table 1) . Negative transgression was observed for leaf length, blade length, blade width, and 2 color components, L* (lightness scale) and b* (blue to yellow scale). Positive transgression was observed for floral guide area, a* (green to red scale) and b*. For example, some F 2 floral guides were larger than the largest floral guide of I. hexagona by at least 2 SDs.
Correlations Among Traits
Trait correlations were uncommon in the parental and F 1 generations (likely due to small sample sizes) but abundant in the F 2 generation ( Table 2 ). The DSM was calculated by subtracting the mean trait value of I. hexagona from the mean trait value of I. fulva (Table 1) . Flower height, leaf length, floral guide area, blade length, blade width, and sepal stalk length were significantly different (P < 0.0001) in I. hexagona and I. fulva. The L* and b* values also differed between the 2 species (Figure 1 ; P < 0.05 and P < 0.001, respectively).
QTL Analyses
In this study, QTL (n = 28) were identified for traits on 14 LGs (Figure 1; Table 3 ), and several regions showing overlapping QTL in traits important for pollinator attraction were revealed. Specifically, overlapping LOD intervals were observed on LG 2 for blade width, sepal stalk length, and anther extension; on LG 6 for sepal stalk length and color lightness (L*); on LG 12a for blade width and sepal stalk length; on LG 17 for blade width and color lightness (L*) (Figure 1 ). Sepal stalk length was correlated with blade width and blade length (r = 0.2262, P <0.0001; r = 0.3387, P <0.0001, respectively), which is consistent with the presence of colocalized QTL for these 3 traits.
The additive effect, dominance effect, and direction of QTL for traits are presented in Table 3 . In Figure 1 , solid bars indicate that I. fulva alleles increase the trait value, whereas open bars indicate that the I. hexagona alleles increase the trait value. For some traits, the effect direction of alleles at QTL was as predicted by the species averages. For example, I. fulva alleles at all of the QTL for anther extension had positive additive effects (i.e., alleles from I. fulva increased anther extension). Other traits were influenced by multiple QTLs with mixed effects. Sepal stalk length, blade width, and the L* trait for petal color lightness each had multiple QTL with some having positive additive effects (i.e., alleles from I. fulva increase the trait value) and others with negative additive effects (i.e., alleles from I. hexagona increase the trait value). More specifically, for 4 QTL (LGs 2, 6, 9, and 8/18), I. fulva alleles decreased sepal stalk length, and for 2 QTL (both on LG 12a), I. fulva alleles increased sepal stalk length. Similarly, 4 QTL (LGs 2, 15, 16, and 17) were identified where alleles from I. fulva decreased blade width and 1 QTL where alleles from I. fulva that increased blade width (LG 12a). Three QTL controlling lightness were identified, 2 in which I. fulva alleles increased lightness relative to I. hexagona alleles (LGs 11 and 17) and 1 in which I. fulva alleles decreased lightness with respect to I. hexagona alleles (LG 6). A QTL for leaf length (LG 13) was identified at which I. fulva alleles increased leaf length, which was counter to what might be expected because I. fulva has shorter leaves than I. hexagona. Of the 8 traits analyzed, 4 (leaf length, floral guide area, blade width, and sepal stalk length) showed significant signs of epistasis among QTL (Table 4) . This does not mean that all other QTL act independently. It only means that the strength of the interaction is not strong enough to make it past the multiple comparisons tests.
QTL Effect Sizes
QTL effect sizes, calculated relative to the DSM, ranged in magnitude from 8% to 139% of the species difference (Bouck et al. 2007 ; Table 3 ). Color QTL (i.e., L*, a*, b*) exhibited the highest values, potentially due to the transgressive nature of these traits relative to the parents. Color QTL were distributed across 7
LGs demonstrating the complexity and polygenic nature of floral color. A majority of the color QTL (7/8) did not colocalize with QTL for other traits, the one exception being on LG17, where the QTL LOD intervals for L* overlapped with the QTL LOD intervals for blade width. QTL for all other traits (excluding color QTL) had effect sizes between 8% and 40%, with the average effect equaling 16% of the phenotypic species difference. Floral guide area and 2 L* QTL exhibited large dominance effects (Table 3 ). The only QTL identified for leaf length was highest in plants homozygous for I. fulva-like alleles (Figure 1 ).
Discussion
Studies of both plant and animal species have demonstrated that hybridization has the potential to generate phenotypic novelty in wild populations (Rieseberg et al. 1996; Arnold 2006; Parsons et al. 2011; Twyford and Ennos 2012) . Given the environmental stochasticity of the southern regions of Louisiana (i.e., frequent flooding, drought, hurricanes, and salinization), the genetic variation introduced through interspecific hybridization may be advantageous. In this study, we evaluated how the underlying genetic architecture of floral and vegetative traits might influence quantitative trait variation and phenotypic expression in an F 2 hybrid population of I. hexagona and I. fulva. These 2 species are naturally interfertile in southern Louisiana where phenotypically detectable hybrid zones are observed. Previous studies from several species have demonstrated that pollinators prefer floral traits associated with their expected pollination syndrome and that changes in allele frequency or reciprocal introgression of interspecific QTL can alter pollinator visitation. For example, shifts in pollinator visitation in response to color cues and nectar content in Mimulus have been shown to be controlled by a single mutation of large effect (Bradshaw and Schemske 2003) , changes in floral morphology in Aquilegia are controlled by few QTL that affect pollinator visitation (Hodges et al. 2002) , and pollinator shifts occur in response to scent controlled by few QTL in Petunia (Klahre et al. 2011) . In Irises, bees prefer I. hexagona and hummingbirds prefer I. fulva due to several factors that contribute to pollinator success, including floral morphology (Emms and Arnold 2000) . In previous studies, the smaller sepals of I. fulva proved challenging to bees that typically crawl into a flower, whereas the larger flowers of I. hexagona prohibited hummingbirds from acquiring nectar (Emms and Arnold 2000) . Knowledge of the genetic basis of phenotypic Presented are the marker names nearest the QTL being tested and the chromosome number with which the markers are associated. LOD.full is the log-likelihood ratio of the full model (Q1 + Q2 + Q1 × Q2), LOD.add is the log-likelihood ratio of the additive model (Q1 + Q2), and LOD.int is the log-likelihood ratio of the difference between the 2 models (full model − additive model). F ratios and P values are from the interaction term of a 2-way Anova with phenotype as the response variable and genotypic configuration at the presented markers as factors. An estimate of the additive allelic effect and an estimate of the dominance effect and the percentage of variance explained (R 2 ). The QTL effect sizes are shown relative to the differences in the species mean (Fishman et al. 2002 , Bouck et al. 2007 ).
differences is essential for understanding the processes that both facilitate hybridization and also maintain species integrity in wild populations. In this report, we demonstrated that there are many QTL underlying the traits comprising the pollination syndrome in Iris, and that while there is some overlap, there is also independence among QTL allowing traits to assort individually in hybrid populations. Furthermore, identifying QTL for traits known to be important for pollinator attraction and the successful transfer of gametes suggests that introgression of even single or a few QTL regions across species boundaries could alter pollinator visitation.
Transgression
Recombination of QTL in which alleles from the same parent have opposing effects can produce hybrid genotypes that are phenotypically extreme or novel in relation to the parental phenotypes (Rieseberg et al. 2003) . Studies in I. fulva and Iris brevicaulis found evidence for transgression in 6 out of the 9 traits measured (Bouck et al. 2007 ); similarly, here we found evidence for transgression in 7 out of the 11 traits examined. QTL of mixed effect, such as those we observed, suggest that either genetic drift or antagonistic selection may be at work in these 2 species (Rieseberg et al. 2003) . Due to the highly variable conditions in the coastal habitats (i.e., flooding, drought, and hurricanes), it is not surprising that selection pressures would fluctuate. Although we cannot be certain of the causes of the transgression observed in this study, it is clear that hybridization could be a potential source of novel phenotypic variation in wild populations. Indeed, a stabilized homoploid hybrid species derived from hybridization between I. fulva, I. hexagona, and a third species, I. brevicaulis, has phenotypic means outside of the parental species means for a number of traits (Randolph 1966) .
QTL Important for Pollination
The 28 QTL identified in this study associated with floral traits known to be important for pollinator choice are useful for understanding how the genetic architecture influences quantitative trait variation in Louisiana Irises. Two traits, days to flower and flower height, were not associated with a QTL. Because the flowering phenology is similar between the 2 species, it may be difficult to detect an association between a particular locus and flowering time in this population; however, numerous QTL have been identified for flowering time between I. fulva and I. brevicaulis (another closely related species), which have disparate floral phenology (Ballerini et al. 2012) . Previous studies in Irises have found that flowering time is a complex trait associated with many QTL regions that vary with environmental conditions (e.g., wet vs. dry) and developmental stages (e.g., age), which may also reduce the ability to detect QTL for this trait (Ballerini et al. 2012 ).
We did not detect a QTL for flower height, which is surprising given that flower height is quite different in I. fulva and I. hexagona (Table 1) , and flower height serves as an important long-range cue to pollinators (Emms and Arnold 2000) . However, it is possible that epistatic interactions among loci obscured QTL associated with flower height.
Traits such as floral guide area, which has a single QTL that explains ~50% variation among individuals, and blade length, which has 2 essentially additive QTL that explain upwards of 60% of the variation among individuals, suggest that these traits are controlled by QTL of large effect. With regards to blade length, alternating a single allele from either of the QTL changes the trait value by 15-20%, leaving the opportunity for a sweep to fixation to produce a 30-40% change with 1 loci or approximately 70% with both loci. With the floral guide area QTL, the likelihood of an introgressive sweep is direction dependent as this QTL is swamped with dominance ( Figure 2) . The transition from homozygous HH to FH at this QTL causes a reduction of floral guide area by an average of 23 mm 2 , but because of dominance, the transition between a homozygote (FF) and heterozygote (FH) produces effectively no change in trait value, making sweeps improbable in this direction. Another complication is the complexity of a trait's genetic architecture. In this study, sepal stalk length is controlled by a network of at least 12 loci. With this trait, the combination of alleles needed to produce trait change may hinder an interspecies sweep. Co-occurring QTL on LG 2, LG 6, LG 8/18, LG 12a, and LG 17 show that there may be regions of gene clustering for traits important for pollination, suggesting that despite the phenotypic diversity observed in hybrids, there is selection for traits important for fitness outcomes to act in concert (Arnold 2006) .
QTL Effects
Similar to other studies examining the underlying genetic architecture of floral traits, we found that many QTL of varying effect sizes contribute to the morphological characteristics known to influence pollinator visitation. However, the average effect sizes associated with QTL in this study were smaller relative to those reported in earlier studies of Irises (Bouck et al. 2007 ). This may be due in part to our relatively larger sample size of F 2 s, as small sample sizes can exaggerate the effects of detected QTL (Beavis 1994) .
Extreme reshuffling of genetic material during hybridization promotes variation and has been proposed as a mechanism for avoiding genetic constraints (Parsons et al. 2011) . We found that not only were we able to recover the full range of phenotypic variation expressed in the parental species but we also observed transgression for several traits measured in this study, consistent with this hypothesis.
The effect of additivity can be interpreted as the average change in the trait value when an alternative allele is substituted, which in this study can be interpreted as the acquisition of an I. fulva allele. The floral guide area exhibits both strong additive and dominance effects; the floral guide area in the presence of an I. fulva allele is dramatically reduced (Table 3; Figure 2) . It is thus possible that the floral guide area phenotype is controlled by a QTL of major effect. Similarly, the additive effects were especially strong in the color QTL, where 2 out of 3 L* QTL reduce the lightness of the petals and all of the a* and b* QTL increase. Overall, this is consistant with I. fulva alleles increasing both the green to red values (a*) and the blue to yellow (b*) values. However, the lack of overlapping QTL for the color traits (L*, a*, and b*) is surprising given that color traits are in other species have been shown to be under the control of relatively few genes (Bradshaw and Schemske 2003 , Zufall and Rausher 2003 , Rausher 2008 .
Potential for Introgression
Given the wide range of phenotypic divergence and the distribution of QTL observed in this F 2 population, it is likely that I. fulva and I. hexagona have genomic regions that are potentially permeable to introgression. Iris nelsonii, which is thought to be a composite species of I. fulva, I. brevicaulis, and I. hexagona (Arnold 1993) and may have evolved to inhabit intermediate ecological niche space (Taylor et al. 2011) , also supports hybridization and introgression, as a potential cause of species diversification.
Conclusions
The transfer of adaptive alleles across species boundaries can act as an evolutionary catalyst. The underlying genetic architecture of flowering traits in I. hexagona and I. fulva as outlined in this study demonstrates that hybridization can lead to transgression, thereby increasing phenotypic variation, though in this study these effects do not appear to be the result of overdominance. Furthermore, hybridization among species in a fluctuating environment may facilitate adaptation by increasing the genetic variation on which selection can act. For example, hybridization may introduce novel genotypes with a range of phenotypes-including extreme phenotypes relative to the parental species, which may be attractive to a wider range of pollinators, or increase the geographic range in which the plant can survive. The number and distribution of QTL for floral traits identified in this study are useful for understanding how floral traits assort both within and across species boundaries. For example, correlations among traits that are found in the same genome region suggest that traits important for pollinator attraction are genetically linked, whereas others assort independently. Future studies to evaluate whether hybrids between I. hexagona and I. fulva have demonstrable fitness advantages under a range of ecological conditions will further aid in understanding the role of hybridization in this species complex.
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